Abstract: Data collected on four large-scale surveys around the subantarctic island of South Georgia provide information on the variability in the distribution of chlorophyll and inorganic nutrients during the austral summer and winter. During three summer surveys, surface water chlorophyll and nutrient concentrations were highly patchy over scales ranging from a few to hundreds of kilometres. The highest measurement of chlorophyll a was 8 mgm'3 and a wide range of nutrient concentrations were found; 5-32mmol NO,-N, 1.1-2.2mmol PO,-P and 8-60 mmol m-3 Si(OH),-Si. In winter, chlorophyll and nutrient levels were farmore uniform, with chlorophyll concentrations lower and nutrient concentrations generally higher than in summer. The spatial variability in nutrient concentrations was due to a variety of factors acting over a range of scales, however biological processes appeared most important in creating the mesoscale patchiness around the island. Although phytoplankton abundance and nutrient concentrations were not directly correlated, the scales of variability were clearly similar.
Introduction
The Southern Ocean contains high concentrations of inorganic nitrogen, phosphorus and silicon, all nutrients essential to phytoplankton growth. However, productivity is paradoxically low in these seas, and nutrient concentrations are rarely reduced to the low summer levels found in many other ocean areas (Le Jehan & TrCguer 1985 , Jones et al. 1990 , Smith & Sakshaug 1990 , TrCguer & Jacques 1992 . Substantial nutrient depletion has only been recorded during localized phytoplankton blooms in areas such as the ice edge (Jennings et al. 1984 , Nelson & Smith 1986 ), underpack-ice (Smetaceketal. 1992 and inshore coastal sites (Clarke et al. 1988 , Holm-Hansen et al. 1989 .
Although levels of macronutrients in the Southern Ocean are generally high, this may not reflect their availability, and various features of the nutrient supply have been implicated in the control ofphytoplankton growth rates. Nutrient preference, for instance ammonium versus nitrate, may be important (Olson 1980 , Glibert et nl. 1982 , Smith & Nelson 1990 , Smith & Harrison 1991 , Jacques 1991 , Owens et al. 1991 . Silicate limitation of diatom growth has been proposed on the basis of inefficient uptake kinetics (Jacques 1983) , and the temperaturedependent ionization equilibrium of silicic acid (Priddle et al. 1986a ). However, the role of silicon as a limiting nutrient in open-ocean areas of the Southern Ocean is ambiguous (Nelson & TrCguer 1992 , TrCguer & Jacques 1992 .
Despite the current interest in this subject, data for the Southern Ocean are sparse and biased, both spatially and temporally (Trtguer & Jacques 1992) . Quantitative measurements of phytoplankton and nutrient dynamics, made duringthesummerandwinterandoveraperiodofyears, arerare for remote Antarctic areas. As yet, such surveys are the only means by which we can monitor long-term trends and are an important component in understanding upper-ocean carbon cycling (Priddle et al. 1992 , Trtguer & Jacques 1992 . The British Antarctic Survey has undertaken oceanographic cruises around South Georgiasince 1978, and this paper documents the variation found in the distribution of chlorophylla and inorganic nutrients, measured during four of the cruises.
Study site
South Georgia is an elongated mid-oceanic island, centred at 54"20'S, 36'40'W and forming part of the Scotia Arc which links the South American Andes to the mountains of the AntarcticPeninsula (Fig. 1) JB08 (A-C (AIW). Themajorsurface waterin thevicinity ofSouthGeorgia is ASW. This is c. 200 m deep and is underlain by a thick layer of Circumpolar Deep Water (CDW). The ASW is delimited to the north by the Polar Front (PF) (which separates the ASW from the SASW) and to the south by the Weddell-Scotia Confluence (WSC) (which separates the Scotia Sea ASW from water of Weddell Sea origin). As the positions of the PF and the WSC are not fixed (Deacon 1937) , the composition of the water flowing around South Georgia varies in both space and time.
Thus the island lies in a hydrographically complex area, and the surrounding ASW is influenced intermittently by SASW to the north and west, and Weddell Sea water to the south and east. Nutrient concentrations are generally low in the SASW, with concentrations increasing southwards across the Polar Frontal Zone (PFZ) towards the relatively high levels of the ASW (Severs & Nowlin 1988). Superimposed on this general trend may be some local enhancement at the Subantarctic Front (SAP) and the PF (Jones et al. 1990) . Circumpolar Deep Water (CDW), underlying the ASW, is relatively higher in nutrients and resupplies the ASW during the winter when the seasonal mixed layer breaks down and there is deep turbulent mixing (Sievers & Nowlin 1988) . Silicate, an essential nutrient for diatom growth, is found at very highlevels in the surface waters of the Weddell Sea (Stein 1979) .
Methods

Sunzmaiy of cruises
The data discussed in this paper were collected during four surveys from RRS John Biscoe. Three took place during the austral summer; JB02 (27 March-6 April 1980), JB03 (24 November-19 December 1981) and JB08 (16 January-5 Februaiy 1988) , and one during winter; JB04 (31 July-20 August 1983). The suiveys took up to 25 days to complete and were situated in an area termed the 'South Georgia Zone' (SGZ, between 52-57"s and 32-41"W). The cruise tracks and station positions for each of the four surveys are shown in Fig. 2 . JB02 comprised a stellate circumnavigation of South Georgia, similar to those undertaken during the Discoveiy Investigations (1925-39; Clowes 1938) . Nineteen water bottle casts were made, c. 50 km apart, in 13 days. JB03 consisted of a large scale grid susvey around the island during which 63 water bottle casts weremade, 30nautical miles (56km) apart andcovering an area of 1.4 x lo5 km2 in 25 days, JB04 was intended to replicate the JB03 survey during the austral winter. However, only 42 stations were conipleted successfully, covering an area of 0.9 x lo5 km' in 24 days. JB08 comprised a rapid mapping survey of surface conditions along a series of transects running NW-SE across the stations worked during the JB03 and JB04 cruises and covering an area of 0.9 x lo5 km' in seven days. Surface measurements made during the JB08 transects were used to select three sites (A, B and C. Fig. 2 ) for an investigation of vertical structure.
Sainple collection and analytical methods
Vertical profiles of temperature, salinity, chlorophyll a and inorganic nutrients were measured at each site shown in Fig. 2 for JB02, JB03, JB04 and at 15 sites in three discrete locations during JB08 (A. €3 and C). Vertical temperature and salinity data were collected with a Plessey or Neil Brown CTD and discrete water samples were taken at selected depths using twelve 2.5 litre Niskin bottles. Surface nitrate and silicate were measured continuously during the JB08 survey whilst the ship was underway. These horizontal profiles were obtained by analysingseawaterpumped to the laboratory from an intake port in the ship's hull, c. 3 m below the sea surface. Continuous horizontal nutrient profiles were sub-sampled to give one value per nautical mile travelled by the ship.
Water bottle samples were analysed routinely for particulate chlorophyll a, nitratetnitrite-N (nitrate), orthophosphate-P and silicate. Ammonium-N andnitrite-N were measured during the later cruises only. Nutrient analyses were performed on a Segmented Flow Analyser, no more than one or two hours after collection for discrete water bottle samples and within a minute for horizontal profiles (Whitehouse & Woodley 1987).
Chlorophyll a was measured fluorometrically on particulate samples extracted in acetone (UNESCO 1980 , Priddle et al. 1986b . The surface depth ranges used to describe the data are -3 m for the horizontal profiles and 0-30 m for the vertical profiles (thus representing water from the seasonal surface mixed layer which is usually 30-50 m depth). Nutrient concentrations in discrete surface samples taken from the ship's 3 m intake at the JB02, JB03 and JB04 CTD stations, showed good correlation with the corresponding water-bottle values integrated to 30 m; coefficientsofcorrelation fornitrate andsilicate were respectively 0.985 and 0.959 for JB03 (63 stations) and 0.995 and 0.999 for JB04 (42 stations). Therefore, the horizontal profiles measured during JB08 were considered reliable representations of concentrations in the upper 30 m of the water column.
Results
Chlorophyll a
The coastal waters surrounding South Georgia support sporadic phytoplankton blooms during the austral summer. These blooms are usually dominated by diatoms and may achieve a AlW .. .. biomass of >20 mg m-3 chlorophyll (Whitehouse et a/. unpublished). The maximum concentration measured during the surveys reported here was 8.06 mg mJ during JB08 at site B (Fig. 2d) . Chlorophyll distribution varied widely around South Georgia during the summer with median surface concentrationsof0.28,0.36 and0.40mgm3forJB02, JB03 and JB08 respectively (Table I) . Median and mean summer chlorophylllevelsdiffered strongly due to theskewed distribution of chlorophyll concentrations. The winter median and mean values were identical. Highest chlorophyll Concentrations were found during the summer to the north and west of the island (Fig.3a) , although the distribution was highly patchy. Winter concentrations were generally lower and more-or-less uniform throughout the region (Fig. 3b) .
There was no evidence of deep chlorophyll maxima in any of the vertical profiles measured during the summer cruises. High biomass stations had consistently more chlorophyll in shallow water (Fig. 4a) . Vertical profiles measured during winter (JB04) were more or less uniform to a depth of 100 m (Fig. 4b) 
Nitrogen
Surface nitrate levels varied widely during all the cruises (Table I) . Median concentrations during JB03 and JB08 were similar at 21.7 and 20.4 mmol m3 respectively, although the range of values measured during JB03 was smaller. During summer, the highest surfacevalues (>31 mmol mJ during JB08)
were found beyond the shelf-break to the north of the island (Fig. 5a) , with the lowest levels ( 4 mmol m-3 during JB08) to the south. However, isolated low concentrations were found throughout the region. During the winter, surface nitrate concentrations were slightly higher than during summer and little spatial variability was evident (Fig. 3d) .
Vertical nitrate profiles show more variable surface concentrations during the summer (JB03) than the winter (JB04) (Fig. 4c & d) . In both datasets concentrations increase linearly with depth below the surface mixed layer (about 30 m in summer and 100 m in winter), consistent with the resupply of nutrients to the ASW from the underlying CDW.
Nitrite was measured during one summer cruise (JB08) and during thewinter(JB04). Incontrasttonitrate, thewinternitrite distribution was relatively patchy and concentrations below 100 mdecreased, ratherthanincreased, withdepth (Fig. 6a & b) . As with nitrate, highest concentrations were found along the shelf-break to the north of the island (>0.6 mmol m") while the lowest concentrations were to the south (c0.3 mmol m") ( Table I) . Alower and narrower range of nitrite concentrations was measured during JB08 than JB04, although, this may have beendueinpart to thesmallernumberofsamplesandthelimited area which was sampled. Ammonium was measured at sites A, B & C during JB08 and surface water concentrations were generally low (0.07-1.34 mmolm-'). Thehighest levels weremeasuredat site C, which also had the highest nitrate and silicon concentrations.
Phosphorus
As with nitrate, phosphate distribution showed considerable patchiness during thesummer(JB03), with surface concentrations generally higher to the north of South Georgia (> 2.0mmol m-') andlowerto the south(1.20mmolm3) (Fig. 3e) . Littlevariation in concentration was evident during the winter except for two bands of slightly higher phosphate levels running east-west through the centre of the region and to the south of the island (Fig. 30. Elsewhere, surface concentrations during the winter were relatively uniform and higher than during summer.
The vertical phosphate profiles show a distinct contrast between summer (JB03) and winter (JB04). Surface phosphate concentrations are very variable in the summer relative to the winter, and as with nitrate, both profiles increase linearly with depth below about 30 m in the summer and 100 m in the winter (Fig. 4e & f) .
Silicon
Silicate was measured during all four cruises. For two of the summer surveys(JB03 and JB08),mediansurfaceconcentrations and therangein concentrationsmeasuredwere similar (Table I) , while lower concentrations with asmallerrange, were measured during JB02. However, all three summer surveys showed similar spatial patterns. Surface concentrations during JB02, were relatively uniform, although concentrations tended to be lower on the shelf. During JB03 and JB08 low concentrations were again foundon and near theshelf (Figs3g &59, withbands, of higher concentration along the two offshore edges of the: survey grid during JB03, especially to the north-east. An analysis of variance showed significantly higher concentrations of silicate (P <0.001) in offshore surface waters compared with on-shelf andshelf-slopeareas during JB03. The JB08 horizontal. profiles showed high surface silicate in the north-east sector of the SGZ, associated with an incursion of cold Weddell Sea water. Inwinter, thespatial distributionof silicate wasmarkedly different. The highest concentrations were found to the south (Fig. 3h) , again attributable to an incursion of Weddell Sea surface water, and no shelf-related distribution patterns were evident.
The vertical silicate distribution was similar to that of nitrate and phosphate, i.e. little, if any, increment in concentration to about 30 m in summer, and 100 m in winter ( Fig. 4g & h) , with concentrations below these layers increasing with depth.
Discussion
There are few contemporary studies which provide data comparable with that of the present study. The one major exception is that of Chlapowski & Grelowski (1978) spatial and temporal variability of phytoplankton and nutrient distributionsin thewatersaroundSouthGeorgia during summer andwinter. Thisvariability is clearly due to a number of factors acting over a range of scales. There are likely to be three major causes of variability in the distribution of macronutrients around South Georgia. Firstly, large-scale variations due to the presence of different water masses and fronts. Secondly, mesoscale variation associated with shelf-break processes such as upwelling. Finally, small-scalevariability due tovariation in phytoplankton biomass and production resulting in differential nutrient utilization.
Large-scale Variability
We have noted that the hydrography of the South Georgia Zone isnot uniform and that the influence of different watertypes may present an identifiable pattern in nutrient distribution (Stein 1979, Michell984) . Atkinson et al. (1990) report warm water areas around South Georgia during JB03, which they conclude were of subantarctic origin as opposed to upwellings of CDW (Priddle et al. 1986b) . The nutrient concentrations measured during this cruise support neither of these arguments as they are neither particularly low (as in SASW) or high (as in CDW). Indeed, examination of nutrient data from all four cruises suggests that the majority of the sampling occured in ASW (i.e. water from south of the PF). However, data from two of the cruises indicate a clear ingress of Weddell Sea water to the south (JB04) and east (JB08) of the study area, as shown by high silicate concentrations and low temperatures (unpublished data). Unlike silicate, surface nitrate and phosphatevalues show no systematic variability which can be attributed to grosis hydrographic change (Figs 3 & 5) .
Mesoscale variability
Mesoscale variability, resulting from local influences, might be identifiedby comparing nutrient distributionsin the four surveys for similarities. Priddle et al. (1986b) noted the presence of 'shelf water' around South Georgia during JB03, but failed to demonstrate any linear relationship between nutrient concentrations and distance from shore. An analysis ofvariance between nutrient values measured at shelf, shelf-break and offshore stations during JB03 and JB04provided no statistically significant differences for nitrate or phosphate levels. However, offshore silicate concentrations were consistently higher than on-shelf areas during all thesummer surveys. Our nutrient plots would suggest higher surface nitrate and phosphate levels to the north of the island during the summer surveys, especially evident for nitrate in the shelf-break region during the high resolution sampling of JB08 (Fig. 5) . Since the ACC is eastward-flowing, the north-eastern side of South Georgia is in the lee of the island relative to the predominant wind and water movements, and this is likely to result in features, such as upwelling, which would affect surface nutrient levels. 
Small-scale variability
The most obvious feature to emerge from this study is the strong contrast between the highly patchy nature of distributions in summer, and the relatively uniform distributions in winter. For those summer cruises which used station grids (JB02 & JB03), it is clear that the range of scales of spatial variability extended to the same order of magnitude as the station spacing. The continuous profiles undertaken during JB08 reinforced this, and they also showed even smaller scales of variability (Fig. 5) .
Chlorophyll biomass was the most patchy variable of the summer surveys and, for the grid surveys (JB02 & JB03), high biomass regions appeared as isolated stations rather than as extensive blooms. This is consistent with the documented behaviour of phytoplankton in the turbulent waters of the Southern Ocean, where the predicted patch size is small, owing to growth dynamics and the small scale of physical variability (Okubo 1978 , Weber et al. 1986 .
Although the patchiness of phytoplankton biomass implies a similar variability in macronutrient concentrations, this relationship cannot be revealedb y simple statistical correlation. Priddle et al. (1986b) interpret biogeographic patterns in microplankton in termsofwater types, with small-scalevariability resulting from nutrient interactions and grazing pressure, but fail to show any significant correlation between chlorophyll and nutrients. For a more diverse and wide-ranging series of surveys, Priddle et al. (1993) also failed to demonstrate any correlation between chlorophyll biomass and macronutrient concentrations in the Antarctic Peninsula region. The reasons for this are clear. Within both study areas, phytoplankton blooms would appear to be both small and transient features (Owens et al. 1991) . In contrast, the macronutrient pool retains a 'memory' of utilization, which may not necessarily correspond to contemporary phytoplankton biomass (Jennings et al. 1984 , Priddle et al. 1993 . The relationship may also be confused by the resupply of nutrients to the surface mixed layer from the higher concentrations of the underlying water, following a deepening of the mixed layer during storm events.
However, support for the idea of phytoplankton growth being particularly important in determining mesoscale nutrient patchiness around South Georgia is provided by the winter survey. Nutrient distributions were very much more uniform and chlorophyll levels were low. Deep wind-mixing, low temperatures and low daily insolation would have reduced phytoplankton growth rates (Smith & Sakshaug 1990 , HolmHansen & Mitchell 1991 . Thus, during the winter, nutrient utilisation would have been minimal, while the surface nutrient concentrations wouldbe at their annualmaxima due to the deep verticalmixing and theresupply ofnutrientsfrom the underlying CDW.
Conclusions
The patchy nutrient distributions around South Georgia during the summer probably reflect phytoplankton uptake. Because these distributions are patchy at scales similar to, or smaller than, the resolution of our station grids, a simple statistical correlation cannot confirm this relationship. Moreover, a lack of correlation may be caused by other factors, such as mixed layer variability, which must also be taken into account. To examine processes at this scale, sampling must either allow them to be integrated over large scales (Jennings et al. 1984 , Kamykowski & Zentara 1989 , Priddle et al. 1993 or must be of a sufficiently high resolution to follow the actual process of nutrient uptake (Heywood & Priddle 1987, Murphy et al. unpublished, Whitehouse et al. unpublished) .
